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We investigate the observational signatures of quantum cosmology in the Cosmic Microwave
Background data provided by Planck collaboration. We apply the warm inflationary paradigm with
a tachyon scalar field to the loop quantum cosmology. In this context, we first provide the basic
cosmological functions in terms of the tachyon field. We then obtain the slow-roll parameters and
the power spectrum of scalar and tensor fluctuations respectively. Finally, we study the performance
of various warm inflationary scenarios against the latest Planck data and we find a family of models
which are in agreement with the observations.
I. INTRODUCTION
Recent studies of the Cosmic Microwave Background
(hereafter CMB) have placed tight constraints on sin-
gle scalar-field models of slow-roll inflation. Specifically,
based on Planck data [1] it has been found that the in-
flationary models which are in agreement with the data
are those with very low tensor-to-scalar fluctuation ratio
r = PT /Ps  1, with a scalar spectral index ns ' 0.96.
Actually, the upper bound found by Planck team [1], on
this ratio, as a result of the non-observation of B-modes,
is r < 0.11.
In the standard picture of slow-roll inflation [2, 3] the
kinetic energy (φ˙2/2) and the potential energy V (φ) of
the inflaton field satisfies φ˙2/2  V (φ). The latter con-
dition imposes the de Sitter expansion in the early uni-
verse, since the corresponding equation of state parame-
ter w ≡ (φ˙2/2)−V (φ)
(φ˙2/2)+V (φ)
tends to -1. Moreover, in the stan-
dard inflation possible interactions among other fields
with the inflaton must be neglected. Subsequently, after
the slow-roll era the potential energy becomes compara-
ble to the kinetic energy. This simply means that we
are dealing with the so called reheating period in which
the inflaton starts to oscillate around the minimum of
the potential and progressively the universe is filled by
radiation [4, 5].
In the literature one may find other theoretical ap-
proaches in order to treat the nature of the early uni-
verse. Specifically, over the last two decades a lot of
attention has been paid on the so-called warm inflation-
ary pattern. Unlike to standard inflation, in this scenario
the inflaton field is allowed to interact with other light
fields, implying that radiation production occurs during
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the slow-roll period and hence reheating is avoided [6, 7].
Obviously, the main idea of the warm inflationary model
is quite different with that of the standard cold inflation.
Indeed, warm inflation satisfies the condition T > H,
where T is the temperature and H is the Hubble param-
eter, which implies that the fluctuations of the inflaton
field are thermal instead of fluctuations of the ground
state. These thermal fluctuations play an eminent role
in large scale structure studies because they are the ini-
tial seeds of density perturbations [8–10].
From the scalar-field viewpoint, warm inflation is char-
acterized by a tachyon scalar field with positive potential
V (φ), while the corresponding kinetic energy does not
obey the standard form (k-inflation [11]). Also the po-
tential energy has two special properties, namely a max-
imum at φ→ 0 and a minimum when φ→∞. For more
details regarding the warm tachyon inflationary model
we refer the reader to Refs.[12–14]. In this framework,
it is well known that under specific conditions tachyon
fields which are related with unstable D-branes [15, 16]
provide cosmic acceleration [11, 14, 16–21] during early
times.
In the current article we present the dynamical behav-
ior of the effective Loop Quantum Gravity (LQG) theory
via the Hubble expansion, and investigate the compati-
bility of this scenario with warm tachyon-like inflation-
ary scenarios. The basic techniques of LQG [22–25], can
be applied in homogeneous and isotropic space-times in
order to build a Loop Quantum Cosmology (LQC). The
layout of the paper is as follows: At the beginning of Sec.
II we present the main points of the LQC and then we
discuss the scalar field description of the warm tachyon
inflationary paradigm in the context of LQC. In Sec. III
we estimate the slow roll parameters and in Sec, IV we
calculate the temperature at the end of warm inflation.
In Sec V we test the performance of the slow-roll predic-
tions against the latest Planck 2015 data and finally, we
summarize our conclusions in Sec. VI.
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2II. LOOP QUANTUM COSMOLOGY VERSUS
WARM INFLATION:
In this section we briefly present the basic cosmologi-
cal features of Loop Quantum Cosmology (LQC). In the
literature canonical quantization of gravity is given in
terms of the so called Ashtekar-Barbero connection vari-
ables (see [26]). Without wanting to enter into the full
details the phase space of classical general relativity can
be spanned by conjugate variables Aiq (connection) and
Eqi (triad) on a 3−manifoldM which encodes curvature
and spatial geometry respectively (labels q and i denote
internal indices of SU(2) and space index respectively).
At the cosmological level (LQC) due to the isotropic and
homogeneous symmetries the phase space is character-
ized by a single connection c and a single triad p. Notice,
that the Poisson bracket of LQC variables is given by
{c, p} = 8piγ
3M2p
where γ ' 0.2375 is the dimensionless Barbero-Immirzi
parameter, derived from the black hole thermodynam-
ics [27–30]. Considering a spatially flat Friedmann-
Robertson- Walker (FRW) metric, the LQC variables be-
come
c = γa˙ p = a2,
in the classical regime, where a(t) is the scale factor of the
universe and the overdot denotes derivative with respect
to cosmic time t. In the variable system {c, p} Ashtekar
et al. [26] proposed that the classical Hamiltonian con-
straint is given by
Hcl = −
3
√
p
γ2
+ c2 +Hm
where Hm is the matter Hamiltonian. However, in the
semi-classical regime various authors [25, 31, 32] intro-
duced an effective theory of loop quantum gravity which
is appropriate for cosmology. In this case the effective
Hamiltonian constraint is written as
Heff = −
3
√
p
γµ2
sin2(µc) +Hm
where the constant µ is related to the minimal area of
LQG (for more details see [25, 31, 32]). Now, using the
effective Hamilton equation
p˙ = {p,Heff} = −γ
3
∂Heff
∂c
and the Hamiltonian constraint (Heff ≈ 0) [25] we can
obtain the following equations of motion:
a˙ =
1
γµ
sin(µc) cos(µc)
sin2(µc) =
8pi
3M2pa
Hm.
Lastly, combining the above set of equations we provide
the first Friedmann equation, namely the Hubble param-
eter
H2 =
κ
3
ρ
(
1− ρ
ρc
)
, (1)
where κ = 8piG = M−2p , ρ is the total energy density
and ρc =
√
3 /(16pi2G2γ3) ' 0.41ρpl, ρpl = M4p (Mp '
2.43 × 1018Gev is the reduced Planck mass),appears as
the critical loop quantum density [33–35].
Before we continue our analysis we would like to men-
tion that in the context of LQC the properties of infla-
tion with a standard scalar field (the so called ”LQC-
inflation”)[36] has been discussed extensively in the lit-
erature (see [35, 37–45]) Here following a similar to the
previous papers methodology we attempt to investigate
the basic features of LQC warm inflation with a tachyon
scalar field.
Below, following the work of [40, 41] we introduce the
analysis of the tachyon field in the framework of LQC.
Specifically, up to this point we did not specify the na-
ture of the fluids involved. Let us now consider that we
have a mixture of two fluids, radiation and tachyon field.
Therefore, the total density takes the form ρ = ρφ + ργ ,
where ρφ and ργ are the corresponding tachyon field and
radiation densities. In this framework the overall action
[42] is written as
S =
∫
d4x
√−g
(R
2κ
+ Lφ + Lγ
)
where R is the Ricci scalar and g is determinant of the
metric.
At this point it is worth mentioning that the nature of
tachyon warm inflation has yet to be found. However, in
order to produce warm inflation one can use a tachyon
scalar field for which the kinetic term does not follow the
canonical form (k-inflation [11]). Therefore, a possible
path towards understanding the underlying mechanism
of the current inflationary paradigm is to associate the
tachyon fields with unstable D-branes [15], for which it is
well known that they lead to cosmic acceleration in early
times [11, 17, 18]. Alternatively, one may study tachyon
field inflation in the context of the Randall-Sundrum II
brane (see Ref.[46] and references therein).
Notice that the Lagrangian of the tachyon field [42]
which can be non-minimally coupled to gravity is given
by
Lφ = −V (φ)
√
1− gµν∂µφ∂νφ (2)
The radiation Lagrangian Lγ is associated with a fluid of
photons with pressure Pγ =
ργ
3 .
Therefore, using the conservation law for the total en-
ergy density we find
ρ˙φ + 3H(ρφ + pφ) + ρ˙γ + 4Hργ = 0 (3)
3or
ρ˙+H(3pφ + 3ρφ + 4ργ) = 0 , (4)
This law is the outcome of imposing the covariant con-
servation of the total energy density of the combined sys-
tem of tachyon field and radiation, and thus is a direct
reflection of the Bianchi identity satisfied by the geomet-
ric side of the Einsteins equation. Due to the fact that
in warm inflationary scenario [12, 13, 43, 44, 46, 47], the
tachyon-field/photon interaction leads to radiation pro-
duction one can split Eq.(4) as follows
ρ˙φ + 3H (ρφ + pφ) = −Γφ˙2, (5)
ρ˙γ + 4Hργ = Γφ˙
2, (6)
where the positive quantity Γ is the dissipation factor
in unit of M5pl. Usually, in this kind of studies the dis-
sipation term Γφ˙2 is given on a phenomenological basis
in order to describe the nearly-thermal radiation bath
of the warm inflationary paradigm. Notice, that in sev-
eral papers [12, 13, 45, 46, 48, 49] one may find another
parameter that characterizes warm inflation, namely the
dimensionless dissipation parameter R ≡ Γ3Hρφ . Within
this framework, equation (5) boils down
ρ˙φ = −3Hφ˙2ρφ (1 +R) . (7)
Notice, that if R  1 then we are in the high dis-
sipation regime, while in the weak dissipation regime
the dimensionless dissipation parameter tends to zero
(Γ/3Hρφ  1).
Utilizing the energy momentum tensor of the tachyon
field
Tµν (φ) =
∂L
∂(∂µφ)
∂νφ−gµνLφ = diag(−ρφ, pφ, pφ, pφ) (8)
equation and the corresponding Lagrangian one can ob-
tain
ρφ =
V (φ)√
1− φ˙2
, pφ = −V (φ)
√
1− φ˙2 . (9)
Now differentiating Eq.(1) with respect to cosmic time
t and using simultaneously Eq.(4) we find after some sim-
ple calculations
H˙ = −κ
6
(3pφ + 3ρφ + 4ργ)
(
1− 2ρ
ρc
)
. (10)
Introducing the expressions (9) into Eq.(10) we obtain
H˙ = −κ
6
(
3ρφφ˙
2 + 4ργ
)(
1− 2ρ
ρc
)
. (11)
Obviously, in order to understand the dynamical be-
haviour of the current problem we need to combine
Eq.(1) with Eq.(11). In particular, from Eq.(1) the
quantum bounce point (H = 0) occurs for ρ = ρc
[25, 32, 37, 39, 50–59]. On the other hand, prior to
the bounce point the quantity H˙ satisfies the restric-
tion H˙ > 0 and it remains in the positive regime until
ρ = ρc2 . At this point H˙ vanishes and eventually it be-
comes negative. Following the notations Ref.[39], we ver-
ify that LQC accommodates a ”LQC-tachyon inflation”
from ρ = ρc to ρ =
ρc
2 (
ρc
2 < ρ < ρc). In this regime
the Hubble parameter lies in the interval 0 < H < HI ,
where the characteristic scale HI =
(
κρc
12
)1/2
corresponds
to the epoch where ρ = ρc2 and for which ”LQC-tachyon
inflation” ends. It is interesting to mention that the
same to the above condition (see ρc2 < ρ < ρc) holds in
the case of ”LQC-inflation”[35, 37–45] in which the scalar
field has the standard form (ρφ =
φ˙
2 + V ). To this end,
the arofementioned analysis points that the (1 − ρ/ρc)
term, imposes a specific era of inflation 0 < H < HI ,
where for ρ ' ρc the universe enters in the inflation-
ary phase, while the characteristic scale HI presumably
connected to a scale which is around to that of the
Grand Unified Theory (GUT). For example, substitut-
ing κ = M−2p , Mp ' 2.43 × 1018Gev and ρc ' 0.41M4p
into HI =
(
κρc
12
)1/2
we find HI ∼ 1017 Gev. Well after
the primeval inflationary epoch, specifically for ρ  ρc,
the Universe enters in the nominal radiation era. Af-
ter this period the radiation component starts to become
sub-dominant and the matter dominated era appears.
Overall, the condition H = 0, H˙ > 0 implies that the
Universe enters in the LQC inflationary era at the bounce
point [39] (see also [40]). Unlike nominal (cold) inflation,
in which H 'const., here the key point is to understand
that the Hubble parameter varies with time. Therefore,
it has been proposed (see Ref.[39] references therein) that
the necessary condition towards solving the horizon prob-
lem in the context of LQC-inflation is to ensure that the
quantity aH grows substantially during the early period
of the Universe evolution. Specifically, it has been shown
[37–39] that the horizon problem can be solved if one in-
troduces a single scalar field (for other alternatives see
[58]) in LQC-inflation. Also, Ref.[59] found that LQC-
inflation can provide the appropriate number of e-folds
(∼ 60), while the Universe includes a small cosmological
constant and matter.
Now, inserting the equations (9) into Eq.(5) we imme-
diately derive the modified Klein-Gordon equation which
provides the time-evolution of φ
φ¨
1− φ˙2 + 3Hφ˙+
1
V
dV
dφ
= − Γ
V
φ˙
√
1− φ˙2. (12)
In the slow-roll approximation φ˙2  1 for tachyon field,
the above equation simplified as:
φ¨+ (3H +
Γ
V
)φ˙+
1
V
dV
dφ
= 0. (13)
As it is obvious from the above equation the energy ex-
change between the tachyon field and radiation intro-
4duces an additional friction term ( ΓV φ˙) that modifies the
standard Klein-Gordon equation.
At the epoch of warm inflation it is safe to assume
that the energy density of the tachyon field is the dom-
inant component of the cosmic fluid (ρφ  ργ see [60]).
Therefore, the effective Friedmann Eq. (1) reduces to
H2 =
κ
3
ρφ
(
1− ρφ
ρc
)
. (14)
On the other hand, utilizing Eqs. (7, 14), one can easily
show that
φ˙2 = − 2H˙
κρφ(1 +R)
(
1− 12H
2
κρc
)− 12
. (15)
Moreover, if we consider that the quantity Γφ˙2 varies adi-
abatically then the radiation component evolves slowly
which means that ρ˙γ  4Hργ and ρ˙γ  Γφ˙2. Under
the latter conditions the combination of Eq. (6) and Eq.
(15) yields
ργ =
Γφ˙2
4H
=
−ΓH˙
2κH(1 +R)ρφ
(
1− 12H
2
κρc
)− 12
. (16)
On the other hand, under adiabatic condition the above
formula can be identified with the expression relating ργ
with the radiation temperature T . By adding all the
degrees of freedom of the created massless modes, the
relationship between the radiation energy density and the
temperature is given by [61],
ργ = CγT
4 (17)
and combining with Eq.(16) we find
T =
[
−ΓH˙
2κCγH(1 +R)ρφ
] 1
4 (
1− 12H
2
κρc
)− 18
, (18)
where Cγ = pi
2g∗/30 in which we included the degrees of
freedom of the created massless modes via the g∗ factor.
Substituting Eq. (18) in (22) we obtain
Γ1−
m
4 (1 +R)
m
4 = Cφφ
1−m
(
−H˙
2κCγHρφ
)m
4 (
1− 12H
2
κρc
)−m8
.
(19)
Now, by solving Eq.(14) for the tachyon density and using
simultaneously Eq.(15) we find:
V (t) =
ρc
2
(
1−
√
1− 12H
2
κρc
)
×
[
1 +
2H˙
κρφ(1 +R)
(
1− 12H
2
κρc
)− 12] 12
. (20)
Lastly, including the slow-roll approximation φ˙2  1 in
Eq.(9) we have ρφ ' V (φ) and thus R = Γ3HV . Therefore,
Eq. (20) reduces to
V (t) ' ρc
2
(
1−
√
1− 12H
2
κρc
)
. (21)
From the above analysis it becomes clear that the
aforementioned cosmological functions strongly depen-
dent on the dissipation factor Γ and the background ex-
pansion history, through the Hubble parameter H(t). As
we have already mentioned the tachyon field is exchang-
ing energy with radiation implying that the dissipation
factor is a characteristic quantity of warm inflation. Al-
though, the precise form of the dissipation factor has yet
to be found, various candidates for Γ have been proposed
in the literature. In the present study, based on the no-
tations [62, 63] we treat the dissipation factor as follows
Γ(φ, T ) = Cφ
Tm
φm−1
, (22)
where T is the temperature, Cφ is constant. From now
on, we will call Γm the parametrization of the dissipa-
tion factor where the index m determines the form of Γ.
Under the latter parametrization we immediately recog-
nize the following situations: (a) when m = −1 (here-
after Γ−1) we have Γ = Cφ φ
2
T which corresponds to the
dissipation rate of the non-SUSY model [64–66], (b) for
m = 0 (Γ0 parametrization) we get Γ = Cφφ (SUSY
case see [64]) (c) for m = 1 (Γ1 parametrization) we
have Γ = CφT (see Refs.[67–70]) and (d) for m = 3 (Γ3
parametrization) we obtain Γ = Cφ
T 3
φ2 that corresponds
to the low temperature SUSY model [71–74].
In this kind of studies it is well known that the precise
functional form of the potential V (t) and the Hubble pa-
rameter H(t) can not be simultaneously found from first
principles. The latter implies that the only way to use the
Loop Quantum approach in Cosmology is to phenomeno-
logically select the functional form of either the potential
or the Hubble parameter. As an example in the context
of LQC with a standard scalar field (ρφ =
φ˙
2 +V ) we refer
the reader the work of Ref.[35] These authors have been
phenomenologically introduced the well known power law
potential V ∝ φ2 in LQC towards treating the cosmic
expansion. Alternatively, one may impose the functional
form of the Hubble parameter in order to derive the po-
tential [7, 13, 48, 66, 75–77].
In our work we have decided to phenomenologically
select the functional form of H(t) using the well known
solution of warm intermediate inflation provided by
Barrow[78] as a reference model.
Inspired by the work of Herrera et al.[79] in the context
of warm intermediate inflation, we consider the following
form of the scale factor
a(t) = aI exp(At
f ) , (23)
5where f lies in the interval 0 < f < 1. Obviously, the evo-
lution of Hubble parameter and its first time-derivative
are given by
H =
a˙
a
= Aftf−1, H˙ = Af (f − 1) tf−2. (24)
In this scenario the cosmic expansion evolves slower
than the standard de Sitter model, a(t) ∝ exp(HIt)
[H(t) = HI =const.] and faster than the power-law in-
flation (a ∝ tp, p > 1). The exponential expression of
the scale factor Eq.(23) and the corresponding Hubble
parameter Eq.(24) are used in order to approximate the
cosmic expansion prior to the inflationary era and not
near the bounce. Therefore, Eq.(24) is obtained using
the classical Einstein’s equations. Similar to our nota-
tions have been used in the paper of Herrera et al.[79]
but in the case of LQC warm inflation with a canonical
scalar field.
III. THE STRONG DISSIPATIVE REGIME AND
SLOW-ROLL PARAMETERS:
In the rest of the paper we focus our analysis on the
high dissipation regime (R  1). Hence, Eqs. (15, 19)
reduces to
φ˙2 = −6HH˙
κΓ
(
1− 12H
2
κρc
)− 12
, (25)
Γ = Cφφ
1−m
(
−3
2
H˙
Cγκ
)m
4 (
1− 12H
2
κρc
)−m8
. (26)
If we insert Eq. (26) in Eq. (25) then the evolution of
tachyon scalar field is given by
φ˙ =
4Cγ
Cφ
Hφm−1
(
− 3H˙
2κCγ
) 4−m
4 (
1− 12H
2
κρc
)m−4
8

1
2
.
(27)
Performing the integration of Eq. (27) with the aid of
Eq. (24) we have
φ(t)− φ? =

[
(3−m)Gm(t)
2Km
]2/(3−m)
for m 6= 3
exp
[
Gm(t)
Km
]
for m = 3
(28)
where φ? is the value of φ(t?) at a characteristic time
t? which obeys the following inequality t? > tbounce by
definition. In the above relations Km and Gm(t) are
defined as follows
Km ≡ (8−m)f + 2m− 4
8
(
4AfCγ
Cφ
)− 12
×
(
3Af(1− f)
2κCγ
)m−4
8
. (29)
Gm(t) ≡ t
(8−m)f+2m−4
8 1F2
[
4−m
16
,
(8−m)f + 2m− 4
16(f − 1)
, 1 +
(8−m)f + 2m− 4
16(f − 1) , St
2f−2
]
. (30)
Notice, that 1F2 is the hypergeometric function and S ≡
12A2f2
κρc
. Without any loss of generality we set φ? = 0.
Under the above conditions the Hubble parameter can
be expressed as a function of the tachyon scalar field as
follows
H(ϕ) = Af
(
G−1m (Kmϕ)
)f−1
, (31)
in which G−1m corresponds to the inverse function of
Gm(t). Moreover, the variable ϕ is given by
ϕ =
{
2φ(3−m)/2
3−m for m 6= 3
ln (φ) for m = 3.
(32)
Clearly, the evolution of the Hubble parameter is af-
fected by the critical loop quantum density since the cos-
mic time t can be written in terms of ρc [see Eqs. (30) and
(31)]. Therefore, using Eqs.(21, 24, 26, 30),the potential
and the dissipation factor are calculated as:
V (ϕ) ' ρc
2
[
1−
(
1− S (G−1m (Kmϕ))2f−2) 12 ] , (33)
and
Γ(ϕ) = Cφϕ
1−m
(
3Af(1− f) (G−1m (Kmϕ)f−2
2κCγ
)m
4
×
(
1− S (G−1m (Kmϕ))2f−2)−m8 . (34)
Now, using standard lines we are ready to provide the
slow-roll parameters
 ≡ − H˙
H2
, η ≡ − H¨
2HH˙
. (35)
Indeed, with the aid of Eqs. (24,26, 30) the slow-roll
parameters become
 =
1− f
Aftf
=
1− f
Af
(
G−1m (Kmϕ)
)f , (36)
η =
2− f
2Aftf
=
2− f
2Af
(
G−1m (Kmϕ)
)f . (37)
(38)
We would like to stress here that for the intermediate in-
flation the slow-roll parameters are always less than unity
which means that inflation never ends. In our model the
condition  = 1 makes sure that inflation starts at the
earliest possible stage [76, 80]. As far as the number of
e-folds is concerned we have
N =
∫ tk
tin
Hdt = A
(
tfk − tfin
)
(39)
6or
N = A
((
G−1m (Kmϕk)
)f − (G−1m (Kmϕin))f) , (40)
where for the last equality we used Eq.(24). Also,
ϕk = ϕ(tk) and ϕin = ϕ(tin) denote the values at the
horizon crossing and at the beginning of inflation respec-
tively. Equating Eqs. (36) to unity,  (ϕin) = 1 and using
Eqs.(28) and (32) the value of the tachyon scalar field at
the beginning of inflation is given by
φin =
{
[ (3−m)Gm(y)2Km ]
2/(3−m) for m 6= 3
exp
[
Gm(y)
Km
]
for m = 3
, (41)
where y =
(
1−f
Af
)1/f
. To this end, it becomes clear that
from (41) one may express Eqs. (31 - 38) as a function
of N . Indeed, by doing that we find
φk =

[
(3−m)Gm(I(N))
2Km
]2/(3−m)
for m 6= 3
exp
[
Gm(I(N))
Km
]
for m = 3
(42)
where I(N) = ( 1+f(N−1)fA )
1
f . One of the most impor-
tant features of any inflationary scenario is related with
the formation of large scale structures. For example, in
the case of warm inflationary paradigm thermal fluctu-
ations play a key role because they provide the initial
seeds for the formation of cosmic structures. The sit-
uation regarding cosmological perturbations within the
effective Hamiltonian formalism in LQC has been stud-
ied in [81–84], which however is beyond the scope of the
present study. Cosmological perturbations in LQC have
been explored in several studies [45, 63, 85–87]. Follow-
ing these works the corresponding curvature perturbation
was found to be δR =
(
H
φ˙
)
δφ and thus the amplitude
of scalar fluctuations for LQC is given by
PR = H
2
φ˙2
δφ2. (43)
As we have already defined in the introduction the nature
of scalar perturbations in warm inflation is thermal and
not quantum as we consider in the standard inflationary
model. In particular, it has been found [6–8] that in
the case of R  1 warm scalar perturbations obey the
following expression
δφ2 ' kFT
2M4plpi
2
, (44)
where the wave number kF =
√
ΓH
V = H
√
Γ
3HV ≥ H
provides the freeze-out scale at which the dissipation
damps out to thermally excited fluctuations of inflaton
(V
′′
V ′ <
ΓH
V ) [88]. Inserting the wave-number kF and
Eq.(44) into Eq.(43) we arrive at
PR = κ
2H
5
2 Γ
1
2T
128pi4V
1
2 φ˙2
. (45)
We continue our calculations by substituting Eqs. (31
- 38) and Eqs. (41) in Eq. (45) we obtain the power
spectrum in terms of the number of e-folds
PR = Pm (I(N))
3m+6
8 f− 3m4
(
1− S (I(N))2f−2
) 6−3m
16
×
(
1−
(
1− S (I(N))2f−2
) 1
2
)− 12 (Gm(I(N))
Km
) 3(1−m)
2
,
(46)
where
Pm =
 κ2(Af) 32C 32φ
256
√
2pi4
√
ρcCγ
(3Af(1− f)
2κCγ
) 3m−6
8
. (47)
At this point we introduce the spectral spectral index in
our analysis which is defined as
ns − 1 ≡ d lnPR
d ln k
. (48)
Since dlnk = −dN and armed with the analytic expres-
sion of PR [see Eq.(43)] we derive after some simple al-
gebra the scalar spectral index takes
ns − 1 = n1 + n2 + n3 + n4, (49)
with
n1 = −
3m+6
8 f − 34
Af (I(N))
f
, (50)
n2 = − (6− 3m)S(f − 1) (I(N))
f−2
8Af
(
1− S (I(N))2f−2
) , (51)
n3 =
(f − 1)S (I(N))f−2
(
1− S (I(N))2f−2
)− 12
2Af
(
1−
(
1− S (I(N))2f−2
) 1
2
) , (52)
n4 = −3(1−m) ((8−m)f + 2m− 4)
8Km
(I(N))
−m8 (f−2)− 12
×
(
1− S (I(N))2f−2
)m−4
16
(
2Af
(
Gm(I(N))
Km
) 3−m
2
)−1
.
(53)
On the other hand, the amplitude of tensor fluctua-
tions is given by
Pt = 8κ
(
H
2pi
)2
, (54)
7from which we can define the tensor-to-scalar ratio
r ≡ PtPR =
256pi2V
1
2 φ˙2
κH
1
2 Γ
1
2T
. (55)
Introducing the appropriate formulas of H, V , Γ and T
in the above equation we find
r = rm (I(N))
10−3m
8 f+
6m−16
8
(
1− S (I(N))2f−2
) 3m−6
16
×
(
1−
(
1− S (I(N))2f−2
) 1
2
) 1
2
(
Gm(I(N))
Km
) 3(1−m)
2
(56)
where
rm =
256pi2Cγ
κC
3
2
φ
√
2ρcAf
(
3Af(1− f)
2κCγ
) 6−3m
8
. (57)
In order to simplify the computation of the power spec-
trum we utilize the initial states from the standard infla-
tionary scenario and we plug the LQC effective equations
for the background.
Finally, we would like to compare our analytical re-
sults with those of previous studies. In particular, Her-
rera [85] studied the canonical warm inflationary model
in LQC (for similar studies see [35, 66, 79, 89, 90]) under
specific conditions, namely (i) the potential has the form
V (φ) ∝ φ2 (chaotic potential) and (ii) the dissipation
rate Γ is constant. Also, Herrera et al. [66] extended the
analytical solutions of Ref.[85] by taking into account a
general form of Γ. However, the aforementioned studies
are in the context of standard scalar field theory which
means that the density and the corresponding pressure
are given by ρφ = φ˙
2/2 + V (φ) and pφ = φ˙
2/2 − V (φ).
In the current article we investigate, for a first time, the
warm LQC-tachyon inflationary scenario [see Eq.(9] for
a large family of Γ parametrizations (Γ ∝ Tm/φm−1)
and we provide the corresponding class of potentials [see
Eq.(33)].
IV. TEMPERATURE AT THE END OF
INFLATION:
In this section, following the methodology of [91] we
attempt to derive the temperature at the end of warm
inflationary scenario. The entire cosmological history
contains the following eras: I) from tk (Hubble cross-
ing time) till the end of slow-roll warm inflation which
is denoted by tend, II) from tend (recombination era) till
the recombination epoch which is indicated by trec and
III) from trec up to present time t0, for which we have
the matter and dark energy dominated eras. Therefore,
it is easy to write
eNtot =
a0
ak
=
1
ak
=
Hk
k
=
a0
arec
arec
aend
aend
ak
= eN0eNreceN
(58)
and thus Ntot = N0 +Nrec+N . Notice that in the above
expression a0 ≡ 1 is the scale factor at the present time,
k = akHk is the Fourier mode, Ntot is the total number
of e-folds, Nrec ≡ arecaend , N0 ≡ a0arec and N is given by
Eq.(39).
At the end of warm inflation, the cosmic expansion en-
ters in the radiation dominated era in which the universe
is full of relativistic particles. Under adiabatic circum-
stances the radiation entropy per comoving volume reads
S =
2pi2
45
gT 3a3 (59)
from which we find
arec
aend
=
Tend
Trec
(
gend
grec
) 1
3
(60)
or
eNrec =
Tend
Trec
(gend
2
) 1
3
. (61)
In the last step we utilized the entropy conservation
law of the adiabatic radiation phase, which means that
gendT
3
enda
3
end = grecT
3
reca
3
rec and we have set grec = gγ =
2. On the other hand, the temperature at the recombi-
nation epoch satisfies the well known formula
Trec = (1 + zrec)TCMB . (62)
Inserting the above in Eq.(61) we find
eN0eNrec =
Tend
TCMB
(gend
2
) 1
3
, (63)
where
eN0 =
a0
arec
= (1 + zrec) . (64)
Lastly, using Eqs. (31, 40, 41), the Hubble parameter
at the Hubble crossing time is written as a function of
N , namely
Hk(N) = Af (I(N))
f−1
. (65)
Substituting Eq. (63) in Eq. (58) and utilizing Eq. (65)
we obtain the temperature at the end of warm inflation
Tend = TCMB
Af (I(N))
f−1
k
(
2
gend
) 1
3
e−N . (66)
Obviously, in order to compute Tend we need to know the
parameters A, f and N or equivalently the pair (ns, r).
Of course, we expect that the temperature at the end of
warm inflation to satisfy the following inequality TBBN <
Tend < TI , where TBBN ∼ 10−2Gev is the temperature
at the Big Bang nucleosynthesis (BBN) and TI is the
estimated temperature scale of inflation, an upper bound
of which is provided by Planck team [1], ∼ 1016Gev.
8V. OBSERVATIONAL CONSTRAINTS:
In order to check the consistency of the above slow-
roll predictions with observation, we compare our results
against those of Planck [1]. Notice, that the pair (ns, r)
is given by Eqs.(49,56). Also, regarding the number of
e-folds we use N = 50 and N = 60 respectively.
In particular we find:
• For the Γ−1 (m = −1) parametrization: In
fig.(1) we present the (ns, r) contours together
with our prediction for various values of f , A
and Cφ. Specifically, in this graph the solid, dot-
dashed and dashed lines correspond to (A, f, Cφ) =
(3.1, 0.7, 10000), (A, f, Cφ) = (2.8, 0.63, 5000) and
(A, f, Cφ) = (4, 0.63, 15000) respectively. We ob-
serve that in the case of large Cφ the scalar-to-
tensor ratio r (55) becomes small with respect to
the reference Planck result, while the spectral index
lies in the interval 0.955 < ns < 0.975 Therefore,
we argue that it is always possible to find the ap-
propriate value of Cφ in order to get predictions
which are in agreement with those of Planck. For
example, using A = 3.3, f = 0.7, Cφ = 15000 we
obtain (ns, r) = (0.965691, 0.0141694).
FIG. 1. 1σ and 2σ contours borrowed from Planck [1]. Our
results are given in the case of Γ−1 (m = −1) parameteriza-
tion. Notice, that solid, dotdashed and dashed curves denote
(A = 3.1, f = 0.7, Cφ = 10000), (A = 2.8, f = 0.63, Cφ =
5000) and (A = 4, f = 0.63, Cφ = 15000) respectively.
• For the Γ0 (m = 0) parametrization: here our
results can be found in figure (2) for the follow-
ing special cases: (A, f, Cφ) = (4.6, 0.59, 10000)
[see solid curve], (A, f, Cφ) = (3.1, 0.59, 5000) [see
dashed curve], and (A, f, Cφ) = (4.3, 0.59, 15000)
[see dot-dashed curve]. As in the previous case,
also here we need to fine-tune Cφ in order to be
consistent with observations. As an example, us-
ing A = 4.6, f = 0.59, Cφ = 15000 we obtain
(ns, r) = (0.960205, 0.0191892).
FIG. 2. The same contours as in figure 1. Here our results
corresponds to Γ0 (m = 0) parametrization. The dashed,
solid and dot-dashed curves denote (A = 3.1, f = 0.59, Cφ =
5000), (A = 4.6, f = 0.59, Cφ = 10000) and (A = 4.3, f =
0.59, Cφ = 15000) respectively.
• For the Γ1 (m = 1) parametrization: We argue
bellow that this model alleviates the fine-tuning is-
sue of the above parametrizations. We remind the
reader warm inflation satisfies the following condi-
tion T > H (or TH > 1). For m = 1 the ratio
between the T and H is given by (18),(24),(39):
T
H
=
(
3
2Cγ
) 1
4
(
1− f
f3A3
) 1
4
(I(N))
3f−2
4 (67)
In Fig.(3) we show TH in A − f plane. The black
solid line corresponds to the boundary limit TH = 1,
while the top left part of the plane is consistent with
the restriction TH > 1. Moreover, in Fig.(4) we plot
the A− f allowed area in which our (ns, r) results
are in agreement with those of Planck within 1σ
errors. Notice, that the transparent background
(foreground opaque) corresponds to N = 60 (N =
50). From this figure we observe that for different
values of the dissipation coefficient Cφ we always
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FIG. 3. The ratio T
H
in the A-f plane. The black solid line
indicates the boundary T
H
= 1 and the left top part of plane
corresponds to T
H
> 1.
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FIG. 4. A-f pairs which are consistent within 1σ region of
Planck results. In each panel the Cφ is given in top panel and
the black solid line is same as Fig.(3).
find a narrow strip in the A − f parameter space
which is in agreement with Planck’s priors of ns and
r. Indeed, in Fig.(5) we plot the Planck confidence
contours in the plane of (ns, r). On top of that we
show the big solid point for the individual pair of
(ns, r) in the case of N = 60. Also, we provide the
corresponding small solid point for N = 50.
It is worth noting that concerning the observational
signatures of LQC in the CMB data, an intense debate
is taking place in the literature about the implemen-
tation of LQC to CMB data. Recently, Ashtekar and
Gupt (see Ref.[92]) using various correlation functions
for scalar perturbations found that LQC is favored by
Planck, while standard (cold) inflation can not accom-
modate the data at large angular scales (l ≤ 30). The
0.955 0.960 0.965 0.970 0.975
ns
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
r 0
.0
02
c = 0.01
Planck TT, TE, EE+lowP
FIG. 5. 1σ and 2σ confidence regions of Planck result. The big
(small) star indicates N=60(N=50) e-folding of warm LQC-
tachyon inflation model and the disk indicates N=60 for non-
LQC warm Scenario. Here we use Cφ = 0.01, f = 0.9 and
A = 0.35 for case m = 1.
heated discussion is going and the aim of our study is
to contribute to this debate. Within this framework in
figure 5 we plot the predicted (ns, r) in the case non-
LQC warm inflation (see stars in figure 5). We then
compare the latter (ns, r) predictions with those of the
warm LQC-tachyon inflation (solid points). In principle,
this can help us to understand better the theoretical ex-
pectations of the warm LQC-tachyon inflationary model,
as well as to identify the differences from the non-LQC
warm tachyon inflation. From figure 5 we observe that
both inflationary tachyon models provide the same spec-
tral index ns. Concerning the tensor-to-scalar fluctuation
ratio r the situation is different. Although the predictions
are in agreement with Planck observations (within 1σ),
we find that the non-LQC warm tachyon inflation pro-
vides a tensor-to-scalar fluctuation ratio which is smaller
than that of warm LQC-tachyon inflation. Therefore,
in the light of the next generation of B−mode data one
may use this difference in order to test the performance
of LQC in the CMB data.
VI. CONCLUSIONS:
In this work, we studied the observational signatures
of quantum cosmology in the Cosmic Microwave Back-
ground data given by Planck2015. We utilized the
paradigm of warm inflation with a tachyon scalar field to
the loop quantum cosmology. Within this framework, we
first derived the main cosmological quantities as a func-
tion of the tachyon field. Second, we provided the slow-
roll parameters and the power spectrum of scalar and
tensor fluctuations respectively. Finally, we checked the
performance of various warm inflationary models against
the data provided by Planck2015 data and we find a class
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